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nosphate synthase was subject to inhibi- 
tion by glyphosate (see Meth. Enzymol. 
vol. 17A (1970) for preparation of sub- 
strates and assay DI ocedures). At | mi 
chikimate-3-phosphate and 2mM _phos- 
phoenolpyruvate concentrations the syn- 
hase was inhibited 50% at approx. 20 pM 
gtyphosate concentration The nature of 
the inhibition is presently under investiga- 


on. , 
oe fact that glyphosate causes the accu- 
mulation of shikimate, rather than shik- 
snate-3-pbosphate, in buckwheat (see 
above) as well as other higher plants {Am- 
rhein etal, unpublished) may either be due 
so an unfavourable equilibrium of the shi- 
idmate Kinase reaction in vivo or to the 
depbosphorylation of shikimate-3-phos- 
phate by 2 phosphatase. In the derobacter 
eystem shikimate kinase was not inhibited 
at all by glyphosate concentrations as high 
as 1 mM. 

Baillie et al. [9] suggested that-a shikimate 
pathway enzyme might be an attractive 
target for a new herbicide, because the shi- 
imate pathway is restricted to plants and 
bacteria. Although they failed in their ta- 
tional approach to develop such a herbi- 
cide, the excellent herbicidal properties of 
glyphosate confirm their suggestion, as We 


have shown hete: 5-enolpyruvylshikimate- 
3-phosphate synthase is the target of gly- 
phosate. 


This work was supported by the Deutsche 
Forschungsgemeinschaft. We thank Mon- 
santo Company for a sample of analytical- 
grade glyphosate. 
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Stimulatory Effects of Reduced Atmospheric 
Pressure on Pollen Embryogenesis 


}. Imamura and H. Harada 


Institute of Biological Sciences, University of Tsukuba, Sakura-muta, 


Ibaraki-ken, 305 Japan 


Since Bourgin and Nitsch [1] obtained hap- 
loid plants from pollen of Nicotiana taba- 
cam by means of anther culture, a number 
of similar experiments have been conduct- 
ed with thé object of increasing the iate 
of haploid plant formation. However, it 
has been difficult to obtain consistently 
good results in terms of the rate of anthers 
aroducing plantlets and of the number of 
plantlets formed per anther. 

Now, we report on 2 Simple but useful 
method for significantly enhancing the rate 
of plant formation in anther culture. Plants 
of Nicotiana iabacum cv. “Samsun” were 
grown in a greenhouse and thei flower 
buds (stage IID) were collected according 
to the corolla length (13-16 mm) [2]. An- 
thers were excised from the buds and ar- 


ranged in open Petri dishes. These were 
placed in a glass desiccator under reduced 
atmospheric pressure for different teat- 
ments. Air was aspirated for 0, 10, 20, 60, 


Amrhein, N., Zenk, MH: Z Pilan- 


90 min, and 24 h at 12 mmHg. After these 
treatments the anthers were surface-stert!- 
ized for 10 min with 7% calcium hypo- 
chlorite solution and rinsed twice in sterl- 
ized distilled water. The anthers: were inoc- 
ulated onto 08% agar solidiBed medium 
containing Nitsch’s H medium elements, 
2% sucrose and 9.4% activated charcoal. 
Petri dishes (6 cm in diameter) containing 
culture were placed under a zegime of 16 h 
light and 8 h dark at 28 °C. 


The treatment of anthers with reduced at- 
mospheric pressure (from 10 to 90 min) de- 
finitely increased the number of anthers 
differentiating plantlets as well as the aver- 
age number of plantlets per anther (subse- 
quently also the total number of plantlets 
produced, Table 1). The highly significant 
results were obtained with 10, 20-, and 60- 
min treatments. Twenty-four-h treatment, 


-_ however, completely inhibited the plantlet 


formation. 


By lowering the level of dissolved oxygen 
in a cell suspension culture of carrot tissue 
below a critical level, Kessell et al. [3] ob- 
tamed an increase in the number of adven- 
tive embryos. Thus the effect of the short 
treatments with reduced atmospheric pres- - 
sure might be due to the lack of O,. Dun- 
well [4] reported that removal of specific 
components of the culture atmosphere in- 
fluenced the response of tobacco anther. 
Furthermore, the accumulation of ethanol 
by tissues in culture is known to inhibit 
somatic embryogenesis of citrus [5], which 
may also bea factor controlling pollen em- 
bryo induction. The stimulation of pollen 
embryogenesis by reduced atmospheric 
pressure might also be attributed to the 
rapid exhaustion of inhibitory gases pro- 
duced by the anthers during the initial 
phase of culture and/or to some physical 
effects which in turn trigger a series of 
physiological processes favorable for pol- . 
len embryogenesis Further experiments 
ate under way to clarify physiological ef- 


Table 1. Effects of reduced atmospheric pressure on pollen embryogenesis of Nicotiana tabacum 
cy “Samsun’’. Results recorded 40 days after the beginning of culture 


Duration of treatments 
peerrersuitypssaerrererrtitiinarentaentreittNlAN NHN Rt LETTS HAIL AL NHAC A AIA TTR 


Omin l0min 20min 60min 90min 24h 
I ITNT 
No of anthers cultured 33 37 37. 36 a3 37 
% anthers with plantlets 61 649 S41 500 48.5 0.0 
% anthers with abortive embryos* 12.0 3.0 21 28 3.0 16.2 
Total No of plantlets produced 7 447 640 603 343 0 
Ave. No. of plantlets per anther 1.7 121 173, 16.8 10 4 Q 


a 


without formation of plantlets 


Neturwissenschaften 47 (1980) © by Springer-Verlag 1980 


Ail4 


% of anthers of which embryos stopped their growth at globular, heart, or torpedo stage 


ey 
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of the common shikimate-pathway enzymes in Pisum sativum L. 


David M. Mousdale and John R. Coggins 


- Depariment of Biochemistry, University of Glasgow. Glasgow G12 8QQ. UK 


Abstract. 5-Enolpyruvylshikimate 3-phosphate 
(EPSP) synthase (3-phosphoshikimate {-carboxy- 
vinyltransferase; EC 2.5.1.19), 3-dehydroquinate 
dehydratase (EC 4.2.1.10) and shikimate: NADP+ 
oxidoreductase (EC 1.1.1.25) were present in intact 
chloroplasts and root plastids isolated from pea 
seedling extracts by sucrose and modified-silica 
density gradient centrifugation. In young (approx. 
1Q-d-old) seedling shoots the enzymes were predo- 
minantly chloroplastic; high-performance anion- 
exchange chromatography resolved minor isoen- 
zymic activities not observed in .density-gradient- 
purified chloroplasts. The initial enzyme of the 
shikimate pathway, 3-deoxy-p-arabino-heptulo- 


sonate 7-phosphate synthase (EC 4.1.2.15) was also . 


associated with intact density-gradient:purified 
chloroplasts. 3-Dehydroquinate synthase 
(EC 4.6.1.3) and shikimate kinase (EC 2.7.1.71) 
were detected together with the other pathway 
enzymes in stromal preparations from washed 
chloroplasts. Plastidic EPSP synthase was inhibited 
Dy¥ micromolar concentrations of the herbicide gly- 
phosate. | 


Key words: Chloroplast ~ 5-Enolpyruvyishikimate 
3-phosphate synthase (3-phosphoshikimate 1-car- 
boxyvinyltransferase) -— Glyphosate — Piswn 
(shikimate pathway) — Shikimate pathway. 


Setter tre htarerr—ere ner ener hasan rshiommapnmttbesiayarensan 


introduction 


In higher plants the common (pre-chorismate) 
shikimate pathway (Fig. 1) leads to the biosynthesis 
of the aromatic amino acids, benzoic acids’ folic 


Abbreviations: DAHP = 3-deoxy-D-arabino-heptulosonate 7- 
phosphate: DEAE = diethylaminoethyl; DiQase = 3- 
dehydroquinate dehydraiase: DTT = dithiothreitol: EPSP = 
5-enolpyruvylshikimate 3-phosphate: SORase = shikima- 
le: NADP oxidoreductase 


pathway, 


acid, phenylpropanoids and lignin precursors, 
naphthoquinones, indole-3-acetic acid, tannins, 
some alkaloids and many other secondary products 
(Haslam 1974; Weiss and Edwards 1980). Evidence 
for the localization of this pathway in plastids has 
come from two sources. Firstly, !*C-labelled 
CO, and shikimic acid were found to be incor- 
porated into aromatic amino acids by chloroplast- 
enriched preparations from Spinacia oleracea 
leaves (Bickel et al. 1978: Bickel and Schultz 1979: 
Buchholz and Schultz 1980). Secondly, one of the 
pathway enzymes, shikimate: NADP*+ oxidoreduc- 
tase (SORase; EC 1.1.1.25), has been localized in 
plastids from Pisum sativum, Secale cereale and - 
Vicia faba by density-gradient methods (Feiera- 
bend and Brassel 1977: Weeden and Gottlieb 1980- 
Rothe etal. 1983). The initial enzyme of the 
3-deoxy-b-arabino-heptulosonate 7- 
phosphate (DAHP) synthase (EC 4.} 2.15), but not 
the second enzyme, 3-dehydroquinaie synthase 
(EC 4.6.1.3), was reported to be particulate in. 
Cameilia sinensis shoot tissues (Saijo and Takeo 
1979). | 


avyvecoce a-ghoephare + phasphoenolpytuvate 


ork eto} -deory~D-ar shine hepeulasonate Jephosphates 
Sdenydstoquinis sald etter gam guinic acid 
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Fig. 1. General outline of the common shikimate pathway in 
higher plants 
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Here we report the localization of DAHP syn- 
thase, 3-dehydroquinate dehydratase (EC 4.2.1.10), 
5-enolpyruvyishikimate 3-phosphate synthase 
(EPSP syathase; EC 2.5.1.19) and SORase in plas- 
tids from Pisum sativum seedling tissues. 


Material and methods 


Plant material. Plants of Pisum sativum L. cv. Onward were 
grown as described previously (Moausdale and Coggins 1984). 


Chloroplast preparation. Shoots {excised above the first leaf 
pair), leaves and roots were taken from 9- to 24-d-old seedlings. 
: Samples of 49-100 g fresh weight of shoots or leaves were 
homogenized for 3s at full speed in a Waring blender in 250 mi 
of grinding medium (0.33 M glucose, 17 mM NaCl, 2 mM sod- 
sum D-iso-ascorbate, SmM MgCl,, in 50mM N-[2-hydroxy- 
1 l-bis(hydroxymethyljethyljglycine (Tricine)-KOH. pH 7.1; 
Ridley 1983). After filtration through two layers of cheesecloth 


and four layers of 50 ym-mesh nylon cloth the homogenate was’ 


either used directly or chloroplasts were collected by centrifuga- 
tion at 2000 g for 20 s. The pelleted chloropiasts were resuspenc- 
ed in 50 ml washing medium (0.33 M glucose. 26 mM sorbital, 
5 mM MgCl, 160 nM disodium ethylencdiaminetetraacetic ac- 
id (Na,EDTA) and 400uM K;HPO, in 4mM = 4-(2- 
hydroxyethyl)-1-piperazine ethanesulphonic acid {Hepes)- 
KOH, pH 7.8) and centrifuged at 2000 g for 20s. Chloroplast- 
enriched fractions were alternatively made by the procedure of 
Nakatani and Barber (1977) with 0.33 M sorbitol and 0.2mM 
MeCi, in20 mM 2-(N-morpholino)ethanesulphonic acid (Mes), 
pH 6.5 with 2-amino-2-(hydroxymethyl)-1.3-propanediol (This), 
as grinding medium and 0.33 M sorbitol (pH 7.5 with Tris) as 
washing medium. When an unfractionated shoot or leaf hom- 
ogenate was to be used as the source of chloroplasts this was 
prepared by homogenization in grinding medium supplemenied 
with 0.1 % bovine serum albumin (BSA). 


Before application to density gradients, the washed chloro- . 


plast preparations were gently resuspended in 4 or S$ mi 0.33 M 
sorbitol, 2mM EDTA. SmM K,HPO,. 2mM MgCl, in 


sO iaM Hepes-KOH (pH 7.8) or 0.33 M sorbitol (pH 7.5 with — 


ris). Continuous density gradients, constructed with an LKB 
Ultrograd gradient manager (LKB. South Croydon. UK). and 
discontinuous gradients were made immediately prior to use 
with 25-60% (w/w) sucrose and 10-90% (vjv} Percoll (Phar- 
macia. Milton Keynes. Bucks. UK) in 20 mM Tricine-KOH (pH 
7.5) containing (for Percoll gradients) 0.25 M sucrose. Resus- 
panded chloroplasts (0.5 or | mj) and shoot homogenates (5 ml) 
were applied to the top of the gradients which were then centri- 
fuged in an SW28 rotor (Beckman RIIC, High Wycombe, 
Bucks.. UK) at 83000 g for 3 h al 4°C (sucrose gradients) or in 
an SW27 or SW41 Ti rotor (Beckman) at 6500 g for 15 min at 
47°C (Percoll gradients). Density gradients were fractionated by 


upward displacement with 65% {w/w} sucrose, suctose and . 


Percoll concentrations were determined by tefractometry. 
Chloroplast stroma preparations were made by diluting 
washed chloroplasts with 10 mi 50 mM Hepes-KOH (pH 7.9) 
containing 0.4mM dithiothreitol (DTT) or 5 ml Hepes buffer 
containing 0.5 mM CoC!, (tor DAHP synthase) and centnfug- 
ing at 84000 g for | h at 4°C. Chloroplasts isolated on density 
gradient were lysed by diluting 1 in 10 with 50 mM Tris-HCl 
(pH 7.0) containing 0.1 mM DTT. 2mM EDTA and |mM 
benzamidine hydrochloride (bufler A) before centrifugation. 
Enzyme extracts of shoot tissue were made by homogenization 
‘n bufer A containing in addition 1mM_ phenylmethanesul- 
phonyl fluoride; after centrifugation at 80000 g for Phat 4°C 


All6 
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the extracls were concentrated by ammonium-sulphate pre- 
cipitation (to 80% saturation) and redissolved in 10-20 ml buf- 
fer A. These shoot extracts and chloroplast stroma preparations 
were dialyzed overnight against 2 x 600 ml bufier A and filtered 
through 0.22 pm Alters (Millipore Corp.. Bedford. Mass.. USA) 
before chromatographic analysis. 


Root plustid prepuration. Roots (86-112 g fresh weight) were 
homogenized as above in 250m! 0.5M_ sucrose. {mM 
MeCl, and 0.1% BSA in 50 mM Tris-HCl. pH 8.0 (Thompson 
etal. 1972). A 10 ml aliquot of the filtered homogenate was 


layered onto a 25 mi discontinuous gradient of 5 mi 25%, 10 ml 


35%. 5 mi 45% and 5 mi 60% (w/w) sucrose in 0.1 M Tricine- 
KOH (pH 7.5). The gradient was then centrifuged in an SW28 


rotor at 2000 ¢ for 5 min followed by 13000 g for 10 min (Miflin 
and Beevers 1974). 


Enzyme assays. §-Enolpyruvylshikimate 3-phosphaie synthase 
was assayed in forward and reverse directions as described 
previously (Mousdale and Coggins 1984). Shikimate: NADP* 
oxidoreductase (shikimate dehydrogenase) was assayed accord- 
ing to Lumsden and Coggins (1977) and shikimate kinase as 
described by Smith and Coggins (1983). 3-Dchydroquinase 
(DHQase) was assayed by a modification of the methed of 
Mitsuhashi and Davis (1954); assay mixtures contained in a - 
total volume of 1 ml: 100 mM potassium phosphate (DoH 7.0) 
and 0.8mM ammonium 3-dehydroquinate (the gift of Dr. S. 
Choudhury. Department of Biochemistry. Glasgow University). 
3-Dehydroquinate synthase was assayed by coupling the for- 
ward reaction to the 3-dehydroquinase reaction (Weich and 
Guertner 1976): assay mixtures contained in a total volume of 
1 mi: 100 mM potassium phosphate (pH 7.0), 50M NAD?, 
0.1mM CoCl,, OS nkat partially-purified Escherichia coli 
DH Qase and (to initiate assay} 0.4 mM DAHP. The DAHP was 
prepared from E. coli strdin AB2847A and DHQase from £. cali 
strain ATCC14948 (Lambert et al. 1985). 

Asssay of DAHP synthase was by a modification of the 
method of Sprinson etal. (1959). Assay mixtures contained in 
a total volume of 0.5 ml: 50 mM _1,3-bis [tris(hydroxymethyl)- 
methylamino}] propane-HCl (pH 7.4). [mM _ erythrose + 
phosphate, 2 mM phosphoenolpyruvate and | mM CoCi,. The 
reaction was initiated by the addition of 2 50 to 100 ni sample 
containing DAHP synthase and terminated after 10 min at 37°C 
by 100 pl 25% (w/v) trichlooacetic acid. The mixture was chilled 
for | hand centrifuged lo remove precipitated protein. A 200 sl 
aliquot of the supernatant was mixed with ]00 yl 0.2 M 
NalO, in 9 M H,PO, and incubated at 37°C for 10 min, 0.5 ml 
0.3 M NaASO, and 0.5 M Na,SO. in 0.1 M H,SO. was then 
added and the mixture left at 37 C for 15 min; 3 mi 0.6% (w/ 
v) sodium thiobarbiturate and 0.5 M Na,SO, in 5 mM NaOH 
was added and the mixture placed in a boiling-water bath for 
10 min. After cooling to room temperature the solution was 
centrifuged (8500 g. 2 min) and the optical density at 549 am 
-ead immediately. Appropriate controls (assayed in triplicate) 
lacked substrates, sample or both. 


Catalase was asayed by the method of Liick (1962) and — 


cytochrome-c oxidase by the method of Hackett (1964) in the 
presence of 12M digitonin. Triose-phosphate isomerase was 
assayed by the procedure of Gibbs and Turner (1964) but with 
$0 mM_ bis-tris propane (pH 7.4) as buffer. Ribulose- 
bisphosphate carboxylase was assayed by the method of Wish- 
nick and Lane (1971) using 3.7 mBq mmot! sodium ['*C} 
bicarbonate (Amersham International, Amersham, Bucks., 


_ UK); tetrasodium ribulose | ,5-diphosphate was purchased from 
‘Sigma Chemical Co.. Poole, Dorset. UR. 


Analytical grade glyphosate was the gift of Dr. S. Ridley 
(LCL. Jealott's Hill Research Station. Bracknell, Berks.. UK). 
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Fig. 2. Sucrose-density-gradient analysis of shoot homogenate 
from {2-d-old pea seedlings. Gradient centrifuged at 83000 g for 
3h. All enzyme activities expressed in nkat ml!. RuBPCase = 
ribulose bisphosphate carboxylase 


Protein und chlorophyll determination. Protein was determined 
by Coomassie-dye binding (Bradford 1976) with BSA as protein 
standurd. Chicrophyll was determined by ihe method of Winier- 
rans and de Mots (1965). 


High-performance anion-exchange chramatography. Shoot ex- 
tracts und chloroplast stroma preparations were analyzed by 
lugh-performance anion-exchange chromatography on a 
diethylaminoethyl (DEAE)-SPW TSK gel (Toya Soda Manufac- 
turing Co., Tokyo. Japan) and a Mono-Q (Pharmacia) column. 
A flow rate of | ml min” and gradient profiles of NaCt in Tris- 
HCl buffers were provided by two computer-controlled model 
303 yumps (Gilson France S.A., Villers-le-Bel, France) or by a 
Fast Protein Liquid Chromatography apparatus (Pharmacia). 
Injections were made in volumes of 100 p1 to 10 mi at protcin 
concentrations of from 0.01 to 12.6 mg mi. ; 


Results : 


Density-gradient analysis of chloroplast prepara- 
tions. When unfractionated shoot homogenates 
Were analysed by isopycnic sucrose density gradient 
centrifugation, the activities of SORase, DHQase 
and EPSP synthase were associated with the sol- 
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Fig. 3. Percoll-density-gradient analysis of chloroplast prepara- 
tion from leaves of 18-d-old pea seedlings. Gradient centrifuged 
at 6500 ¢ for 15 min. Ail enzyme activities expressed In nkat 
mi! ; 


uble material at the top of the gradient and with the 
intact. chloroplast fraction which contained 
ribulose-bisphosphaie-carboxylase activity (den- 
sity 1.23 g mb); no activity was detected in frac- 
tions containing broken chloroplasts (density 1.16 g 
mri; Fig. 2). Approximately 45% of the 
chlorophyll, 36% of the SORase, 42% of the 
DHQase and 47% of the EPSP-synthase activities 
recovered from the density gradient were asso- 
ciated with the intact chloroplasts. These results 
clearly indicate that the three shikimate-pathway 
enzymes are predominantly localized in the chicro- 
plasts. 

In this experiment the presence of small but 
detectable amounts of the mitochondrial marker 
enzyme, cytochrome oxidase, and the microbody 
marker enzyme, catalase, in the fractions contain- 
ing intact chloroplasts indicated that these or- 
ganelles had not been completely separated from 
the intact chloroplasts (Fig. 2). Localization of 
SORase, DHQase and EPSP-synthase activities in 
intact chloroplast fractions showing only trace 
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Fig. 4. Percoll-density-gradicnt analysis of chloroplast prepara- 
tion from shoots of 11-d-old pea seedlings. Gradient centrifuged 


at 6500 ¢ for 15 min. All enzyme activities expressed in nkat 
ral! ; 


contamination with cytochrome oxidase and cat- 
alase was observed after 
chloroplast-enriched preparations on continuous 
Percoll gradients (Fig. 3). DAHP synthase was also 
found to be associated with the intact chloroplasts 
(Fig. 4). 

When a discontinuous-Percoll-gradient method 
based on that described by Rothe et al. (1983) was 
used, two high-density bands containing intact 
chloroplasts were observed in addition to a lower- 
density band containing broken chloroplasts. The 
two intact-chloroplast bands formed at the inter- 
Faces between the 20 and 40% and the 40 and 60% 
Percoll layers, respectively (Fig. 5) Both the higher- 
density chloroplast bands contained SORase (as 
reported by Rothe et al. 1983), DHQase and-EPSP 
synthase; the levels of enzyme activities were in 
approximately the ratio of the chlorophyll contents 
(Fig. 5) The occurrence of two intact-chloroplast 
bands was probably an artefact of the “turnover 
effect” at density discontinuities (Anderson 1955) 
since poth bands contained ribulose-bisphosphate 
carboxylase (data not shown) and intact chloro- 
plasts banded on continuous Percoll gradients at 
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Fig. 3. Discontinuous-Percoll-gradient analysis of chioroplast 
preparation from shoots of 10-d-old pea scedlings. Gradient 
centrifuged at 6500 g for 15 min. All enzyme activities cxapressed 
in nkat mv! 


approx. 37-40% Percoll (density 1.08 g ml’; Figs. 
3, 5). Despite the splitting of the intact chloroplasts 
into two bands, this procedure was found to be a 


rapid and convenient method of prepamng highly . 


purified intact chloroplasts (collected at the AO/ 
60% interface). 


Density-gradient analysis of root plastids. Using 
rate-sedimentation centrifugation on discon- 
tinuous sucrose gradients, some of the SO Rase, 
DHQase and EPSP-synthase activities in unfrac- 
tionated root homogenates was found to be asso- 
ciated with a rapidly sedimenting fraction; this was 
assumed to contain leucoplasts as it corresponded 
to a peak of triose-phosphate-isomerase activity 
(Miflin and Beevers 1974, Fig. 6). This putative 
leucoplast fraction was contaminated with small 
amounts of cytochrome oxidase and traces of cat- 
alase (Fig. 6). Much of the SORase and DHQase 
was present in the upper portions of the gradient; 
because of high background assay rates in some of 
the fractions from this gradient, the complete distri- 
bution of EPSP-synthase activity could not be de- 
termined. Analysis of root plastids prepared by 
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Fie. 6 Discontinuous-sucrose-gradient analysis of root homo- 
senate from 10-d-old pea seedlings. Gradient centrifuged at 
3000 ¢ for 5 min followed by 13000 ¢ for 10 min. All enzyme 
activities expressed in nkat mi! 


differential centrifugation (Thompson etal. 1972) 
on discontinuous |0-60% Percoll gradients did not 
resolve EPSP synthase, DH Qase and SORase from 
cytochrome-oxidase-containing fractions, all these 
enzyme activities and triose-phosphate isomerase 
were concentrated at the interfaces between the 20 
and 30% and the 30 and 40% layers. Shikimate: 
NADP? oxidoreductase activity has been found 
associated with rapidly sedimenting  triose- 
phosphate-isomerase-containing fractions dunng 

ensity-gradient centrifugation of root and hypo- 
cotyl homogenates from dark-grown pea seedlings 
(Feierabend and Brassel 1977). 


High-performance anion-exchange chromatograph} 
of shikimate-patiway enzymes. Shoot extracts and 
chloroplast stroma preparations gave very similar 
or identical chromatographic profiles for EPSP 
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Fig. 7A, B. Chromatography of SORase and EPSP synthase on 
DEAE-SPW TSKgel. Flow rate = | ml min“!. Solvent A = 
50 mM Tris-HCl (pH 8.0) containing 0.2 mM DTT: solvent B 
= 0.5 M NaClin A. A 0.1 mi shoot extract; B | mi chloroplast 
stroma preparation, from 10-d-old pea seedling. Enzyme activi- 
ties in nkat mf! 


" synthase, SORase, DHQase and shikimate kinase 


on chromatography with the DEAE-SPW column 
(Figs. 7, 8). Chromatography on the quaternary- 
amine Mono-Q column resolved a minor peak of 
activity for each of EPSP synthase, SORase and 
DHQase in shooi extracts (Fig. 9); these minor 
peaks constituted from 4% to 7.5% of the enzyme 
activities in 9- and 10-d-old seedlings (recovery of 
ihe enzyme activities from the Mono-Q column was 
94-]10%). A shoot extract from older (24-d-old) 
seedlings contained a higher proportion (17.5%) of 
the later-eluting SORase peak. The minor peaks of - 
activity were not detectable in density-gradient- 
purified chloroplast stroma preparations (Fig. 9). 


Shikimate-pathway activities in lysed-chloroplast 
preparations. Chloroplast lysates, prepared from 
washed chloroplasts, contained in adddition to 
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B= 1M NaCl in solvent A. A 0.2 mi shoot extract: B imi 


chloroplast stroma preparation, from 24-d-old seedlings. 
Enzyme activities in nkat mi"! 


SORase, DHQase, EPSP synthase and DAHP 
synthase two other shikimate-pathway enzymes, 3- 
dehydroquinate synthase and shikimate kinasé 
(Table 1). The SORase activity was considerably 
greater than other assayed enzymes but since the 
enzyme assays were not carried out under standar- 
dised Vmax conditions and ata common pH (as has 
been done for the Neurospora enzymes, Lambert 
et al. 1985) the measured activities may not reflect 
the true enzyme levels or their ratios. 


Glyphosate-sensiitvity of plastid EPSP synthase. 
The EPSP synthase (assayed in the forward direc- 
tion) in lysed-chloroplast preparations and in plas- 
tid fractions from roots isolated by density- 
gradient centrifugation was inhibited by the her- 
bicide glyphosate (N -phosphonomethylglycine). At 
100 pM phosphoenolpyruvate and 500M _ shiki- 
mate 3-phosphaie, 5 pM glyphosate caused a 64% 
inhibition of the chloroplast-lysate enzyme activity 
and a 52% inhibition of the root plastid enzyme 
activity. This is similar to the effects observed with 
the EPSP synthase purified irom pea seedlings; in 
this latter case at 100 uM phosphoenolpyruvate 
and 100uM_ shikimate 3-phosphate, SpM_ gly- 
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Fig. 9 A-C. Chromatography of SORase. DHQase and EPSP 
synthase on Mono-Q column. Flow rate = 1 mil min. Solvent 
A = 1.20mM Tris-HCI (pH 7.5) containing 0.2 mM. DTT; 
solvent B = 1 M NaClinsolvent A. A 0.1 ml shoot extract from 
i {-d-old seedlings; B | ml shoot extract from 9-d-old seedlings: 
C 10 ml chloroplast stroma preparation [rom Percoll-gradient- 
purified chloroplasts from 9-d-old scedlings. Enzyme activities 
in nkat mt! 


Tabie. i. Specific activny of shikimate-pathwuay enzymes in 
chloroplast lysates of pea. Washed chloroplasts were diluted in 
50 mM Hepes-KOH (pH 7.0) coniaining0.5 mM CoCi, (DAHP 
synthase) or 0.4 mM DTT. The shoot tissues used for chioro- 
plast isolation were taken from from i0- to 14-d-old (DAHP 
synthase) or 9. 10 13-d-old seedlings 
Enzyme Specific activity 

(nkat mg ! protein) 
el 


DAHP synthase 0.02-0.03 
3-Dehydroquinate synthase 0.02-0.17 
DHQase 0.12-0.31 
SORase 0.87~3.17 
Shikimate kinase 0.10-0.20 
EPSP synthase 0.04-0.14 
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phosate inhibited the reaction by approx. 75% 
(Mousdale and Coggins 1984). 


Discussion 


Density-gradient analysis and high-performance 
anion-exchange chromatography have established 
that the EPSP-synthase, SORase and DHQase ac- 
livities in young pea-seedling shoots are predomi- 
nantly chloroplastic (Figs. 2, 7, 8). These three 
enzymes have also been identified in a root plastid 
fraction (Fig. 6). The SQRase content of pea leaf 
chloroplasts had previously been shown to be age- 
dependent; up to [4 d the enzyme was essentially 
chloroplastic but after this the extra-chloroplastic 
activity increased (Rothe et al. 1983). Since there is 
evidence that SORase is synthesized on cytoplas- 
mic ribosomes (Feierabend and  Schrader- 
Reichhardt 1976). our results imply that this 
enzyme must be inserted into the chloroplast after 
its biosynthesis. In the young seedlings a small 
proportion of the EPSP synthase, SORase and 


DHQase appear to be present as distinct extra- ~ 


chloroplastic isoenzymes (Fig. 9). Two (rarely, 
three) electrophoretically distinguishable  iso- 
enzymes of SORase have been detected in spe- 
cies of Triticum (Neuman and Hart 1983), pea 
(Rothe 1973, 1974), Phaseolus mungo (Koshiba 
1978), Hordeuwn vulgare (Udvardy and Farkas 
1968), species of Aster and Machaeranthera (Gott- 
lieb 1981) and Ponderosa pine (Linhart etal. 
1981). Density-gradient-purified chloroplasts have 
been reported to contain only one isoenzyme 
(Rothe 1974), to be relatively enriched in one of the 
two isoenzymes (Felerabend and Brassel 1977) or 
to contain a minor (sometimes absent) band of 
activity in addition to the band readily observed on 
polyacrylamide gels (Weeden and Gottlieb 1980). 
The non-plastidic form appears to be cytoplasmic 
on the basis of its position on density gradients- 
The fern Athyriun filix-femina contained one 
isoenzyme of SORase which was also found to be 
present in purified intact chloroplasts (Gastony and 
Darrow 1983). Our results confirm that in seedling 
shoot tissues, SORase is predominantly located in 
the chloroplasts in a single isoenzymic form. There 
is also a much Jess abundant non-plasiidic 
isoenzyme. 

Earlier studies of the possible occurrence of 
isoenzymes of other shikimate-pathway enzymes 
have been hmited because sensitive activity stains 
were not available. The high-performance anion- 
exchange chromatographic methods described here 
(Figs. 7-9) provide high resolution comparable to 
that obtained with polyacrylamide-gel electro- 
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phoresis together with the high sensitivity of spec- 
trophotometric enzyme assays. This has allowed 
the presence of isoenzymes of EPSP synthase and 
DHQase to be properly investigated for the first 
time. The picture that emerges is very similar to 
that for SORase. Both EPSP synthase and DHQase 
occur predominantly in the chloroplast although in 
each case there are small amounts of an extra- 
chloroplastic isoenzyme. 

When lysed-chloroplast preparations were 
analysed, the first six enzymes of the shikimate 
pathway were all found to be present (Table 1) 
indicating that chloroplasts are a major site for the 
biosynthesis of the common precursors of the aro- 
matic amino acids. 

Nitrite reductase and the ammonia-assimmlating 
enzymes, glutamine synthetase and glutamate syn- 
thase, are also associated with chloroplasts and 
root plastids (Beevers and Hageman 1980; Miflin 
and Lea 1980). Threonine, lysine and homocysteine 
(the immediate precursor of methionine) are bio- 
synthesised in chloroplasts (Wallsgrove etal. 
i983) and the enzymes of tryptophan biosynthesis 
from chorismate have been localized in etioplasts 
and leucoplasts (Grosse 1976, 1977). All these re- 
sulis strongly indicate that plastids are a major site 
for amino-acid biosynthesis in plants. | 

Plastidic compartmentation of the common 
shikimate pathway. may have regulatory implica- 
tions as some of the enzymes are subject to feed- 
back inhibition by aromatic amino acids or by 
other carboxylic-acid products of the pathway. The 
DAHP synthase from ‘higher-plant sources has 
been reported to be inhibited by tyrosine or trypto- 
phan (Graziana and Boudet 1980; Reinink and 
Borstlap 1982). In addition, SORase is inhibited by 
anthranilic and hydroxybenzoic acids (Balinsky 
and Davis 1961), SORase and shikimate kinase by 
various phenolic acids (Udvardy and Farkas 1968; 
Bowen and Kosuge 1977; Rothe 1974; Sayo and 
Takeo 1979), and 3-dehydroquinate synthase by 
gallic-acid derivatives (Saijo and Takeo 1979). 
Both DAHP synthase and 3-dehydroquinate syn- 
thase from plants require metal-ion cofactors for 
maximal activity (Huisman and Kosuge 1974; 
Rothe etal. 1976; Saijo and Kosuge 1978; Ya- 
mamoto 1977). Since the pre-chorismate-pathway 
enzymes in pea seedlings appear to be presentin the 
chloroplast stroma (Table 1), the intraplastidic 
concentrations of shikimate-derived metabolites 
and metal ions could have important eflects on the 
flux through the pathway. Enzymic conversion of 
3-dehydroquinate to quinic acid (Graziana etal. 
1980) and of 3-dehydroshikimate to gallic and 
protocatechuie acids (Dewick and Haslam 1969; 
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Marigo etal. 1969) may also compete with the 
shikimate pathway and an enzyme catalysing the 
formation of the 5-O-p-coumaryl conjugate of 
shikimic acid is widely distributed among higher 
plants (Ulbrich and Zenk 1980). The subcellular 
locations of these alternative pathways, which 
might compete with the main pre-chorismate path- 
way, have not been defined. 

The plastidic localisation of EPSP synthase 
together with iis sensitivity to glyphosate imphes 
that, if the mhibition of EPSP synthase is essential 
to glyphosate’s herbicidal action (Amrhein et al. 
1980), then glyphosate must traverse both cellular 
and subcellular membranes. Investigation of 
whether this involves interaction with ee 
transport systems offers a potential route to her 
bicidal selectivity. Further understanding of the 


mode of action of glyphosate must await deter- . 


mination of EPSP-synthase substrate levels in plas- 
tids and in the cytoplasm. This will permit assess- 
ment of the in-vivo extent of the competitive inhibi- 
tion of the plant enzyme observed with glyphosate 
(Mousdale and Coggins 1984). 


This work was supported by grants from the Science and Engi- 
neering Research Council and 1.CLI. pic. We would like to thank 
Dr. S. Ridley (f.-C.I. Jealott's Hill Research Station) for his 
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